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An abrupt tapered ﬁber In-Line Mach-Zehnder Interferometer sensor for simultaneous measurement of
temperature and curvature is proposed and experimentally demonstrated. The sensor head is fabricated
by arcing Corning SMF-28 using a commercial arc fusion splicer. The individual parameters dis-
crimination was achieved by manipulating the unequal sensitivities of optical power to temperature and
curvature obtained at two wavelengths within the sensing spectrum. The curvature and temperature
sensitivities at λ1 (1537 nm) and λ2 (1568.7 nm) were found to be 11.8264 dBm/m1, 12.4885 dBm/m1
and 0.0829 dBm/°C, 0.0833 dBm/°C, respectively. The experimental results show unperturbed readings
with rms deviation of 70.1801 m1 and 70.0826 °C, for curvature and temperature measurements,
respectively, through measurement of optical power response of the sensor. With this simultaneous
sensing technique, the proposed sensor can be deployed for many ﬁeld applications such as non-
destructive structural health monitoring of civil infrastructure.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Owing to their unique properties such as good corrosion re-
sistance, immunity to electromagnetic interference, high sensi-
tivity, potential low cost of fabrication, and compact size, ﬁber
optic sensors have attracted a lot of research attention over the
past 50 years [1]. One of the areas of ﬁber optic sensors with
greatest research interest has been in the study and development
of highly sensitive interferometric sensors [2]. The Mach-Zehnder
Interferometer (MZI) among others has great advantages of sim-
plicity, ﬂexible geometry and high sensitivity. Previous publica-
tions have proposed different techniques of achieving MZI for ﬁber
optics, including ultra abrupt tapers with 1:1 diameter-length ratio
[3], an abrupt taper and a lateral-shifted junction [4,5], two
identical abrupt tapers [6–8], two waist enlarged ﬁber tapers [9],
and a Singlemode-Multimode-Thinned-Multimode-Singlemode
(SMTMS) ﬁber structure [10].
To achieve effective coupling of fundamental local modes into
higher order cladding local modes, the taper angle must be large
enough everywhere to ensure that there is a considerable loss ofr Ltd. This is an open access articl
Yusoff).power from the fundamental mode as it propagates along the
length of the taper [11]. Before the tapered region, light is conﬁned
in the core and guided with both the core and the cladding's re-
fractive indices. However, at the tapered region, the mode ﬁeld
diameter of the light is larger than the core diameter (if it still
exists). This causes the light to be conﬁned in the cladding, and
guided by the cladding's refractive index and the refractive index
of the material surrounding the taper. The excitation of the higher
order cladding local modes due to the abrupt reduction in the ﬁ-
ber's diameter makes it sensitive to physical properties such as
strain, refractive index (RI) and temperature. With this, various
applications of MZI ﬁber optic sensors such as temperature sen-
sing [12], RI sensing [13,14], curvature sensing [7], strain [8] and
biosensing [15] have been proposed.
The accuracy of curvature sensors designed based on MZI can
be questioned because of the crosstalk induced by the ﬂuctuations
in ambient temperature during curvature tests. It is of utmost
importance to be able to distinguish between these two different
parameters if the sensors were to be deployed in the ﬁeld, where
margin of error is extremely small. The technique to discriminate
between temperature and curvature leads to the study and im-
plementation of dual parameter sensors [1]. This study proposes a
MZI dual parameter sensor fabricated using an arc fusion splicer toe under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cing a standard telecommunication single-mode ﬁber (SMF-28,
Corning Inc.), the fabrication process is much simpler and more
robust than those reported in previous works [12,16,17].Fig. 2. Microscopic image of the fabricated abrupt tapered ﬁber.
Fig. 3. First layer of the packaging, highlighting the UV glued ﬁber on the poly-
propylene sheet.2. Principle of operation
The schematic diagram of an In-Line MZI is illustrated in Fig. 1
whereby two separate tapers are created on the same ﬁber sepa-
rated by a predetermined distance. At the ﬁrst taper, part of the
fundamental local mode is excited to higher order cladding local
modes due to the abrupt reduction in the ﬁber's core and cladding
diameters. The higher order cladding local mode is coupled back to
the fundamental local mode at the second taper. The energy loss
due to the optical path difference between the fundamental local
modes and the higher order cladding local modes, and the fact of
not being able to achieve two perfectly symmetrical and identical
taper creates the interference pattern.
The free spectral range (FSR) and the length of the inter-
ferometer are both related as described in Eq. (1) [18]. The longer
the interferometric length, the shorter the FSR and the reverse is
the case for shorter interferometric length.
( )
λ
η
Λ =
Δ ( )L 1eff
2
where L is the interferometric length and ηΔ eff is the difference in
the effective refractive indices of both core and cladding at wa-
velength of λ. The length required to achieve a certain FSR can be
determined using Eq. (1).
The microﬁber was fabricated by electrically arcing a corning
SMF-28 ﬁber using a Simutomo arc fusion splicer. The splicer was
controlled through the Sumitomo's proprietary machine language
commands which can be used to precisely set the arcing para-
meters (power, time and pulling distance). After the arcing pro-
cess, the proﬁle of the microﬁber was analysed using a portable
digital microscope (Dino-Lite). The microscopic image of the mi-
croﬁber can be seen in Fig. 2. The microﬁber is 60 mm in diameter
and 1 mm long with a separation distance of 3 cm between the
two tapered regions.3. Sensor applications
3.1. Measurement of curvature
Testing the sensitivity of the tapered ﬁber to curvature change
is a challenging task due to its fragile nature. Due to the fragile
nature of the abrupt tapered In-Line MZI, it is difﬁcult to achieve
high accuracy and repeatability in characterising the sensor to
curvature change without proper packaging. This packaging ma-
terial must be rigid enough to ensure that the sensor head is not
damaged during the curvature test, and it must be ﬂexible enough
to be bent and ﬂexed back to its original state (inﬁnity bend ra-
dius). A double packaging layer technique was used to achieve just
this. For the ﬁrst layer, the ﬁber was directly glued to aFig. 1. Schematic diagram of an abrupt tapered ﬁber In-Line MZI.polypropylene sheet using a UV glue (Norland 85) as shown in
Fig. 3. The UV glue and the polypropylene sheet are both ﬂexible
enough to ensure that strain which could compromise the me-
chanical structure of the sensor head is kept to a minimum as the
radius of the sensing device reduces. However, the ﬁrst layer of the
packaging is very ﬂexible and it is merely used to make handling
of the fragile tapered ﬁber easier, but not rigid enough to return to
the original state after the curvature test. To form the second layer
of the packaging, the ﬁrst package was glued to a sheet of har-
dened steel using cyanoacrylate glue. It is important to note that
the double packaging has no effect on the sensors sensitivity to-
wards both physical properties (temperature and curvature). The
double package approach was used as an easy approach to safely
remove (without damaging) the sensor from the hardened steel
when the hardened steel is needed to characterise other fabricated
sensors.
Fig. 4 shows the spectral response of the abrupt tapered In-Line
MZI after packaging. Obtaining FSR and highest extinction ratio of
15.6 nm and 3.879 dBm respectively, the spectral response was
recorded before exposure to any physical properties for sensing so
as to record the initial spectral response. For testing the sensing
device's sensitivity to curvature change, two point bending tech-
nique was used to bend the device. As depicted in the inset of
Fig. 5, the package was placed between two Thorlabs linear
translational stages with one end ﬁxed.
To induce a curve on the sensing device, the translational stage
was moved inwards towards the ﬁxed end with a step of 0.20 mm.
Fig. 5 shows a schematic illustration of the setup. The linear
movement of the translational stage and the curvature induced in
the sensor head can be related by Eq. (2) [19].Fig. 4. Initial Spectral response of the In-Line MZI tapered ﬁber before exposure to
any physical Properties.
Fig. 5. Schematic illustration of experimental setup for curvature measurement.
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where x is the distance moved by the motorised stage from the
original length, L of the sensing device while it is ﬂat. R and C are
the induced radius and curvature, respectively.
MZI sensors are mainly characterised based on changes in in-
tensity (intensity-modulated), or wavelength (wavelength-modu-
lated) of the output spectrum. However, the widely adopted wa-
velength modulation lacks the practicality of being used in the
ﬁeld, as interrogation devices are needed to scan the entire op-
erating wavelength. These devices further increases the cost of
deploying and maintaining the sensors. Although, the more
practical intensity modulation technique might sometimes suffer
from ﬂuctuations of optical power or other external disturbances.
However, by calibrating the sensors before use, these types of er-
rors can be prevented. In this study, wavelength dependent in-
tensity modulation technique was used to characterise the sensi-
tivity of the sensor. The decrease in the sensing device's radius led
to a decrease in the extinction ratio of sensor's spectrum, as illu-
strated in Fig. 6. The sensitivity of the device to curvature change
was characterised using the optical power at 1537 nm and
1568.7 nm as labelled λ1 and λ2 respectively in the plot of the
attenuation spectrum. 1537 nm and 1568.7 nmwere chosen due to
the high change in optical power as the curvature changes from
0.00 m1 to 0.4 m1. It is evident from Fig. 6 that using these two
wavelengths to characterise the sensor to curvature changes will
provide better sensitivities compared to other wavelengths.Fig. 6. Spectral shift due to chAs the curvature is induced in the sensing device, there exist a
linear and a non-linear region in the obtained spectrum, just as
reported in [5,19]. This can be observed in the ﬁrst two curvature
points in Fig. 6. This non-linear region arises from the light cou-
pling, bending loss, and the oscillatory nature of the output
spectrum of the interferometer. By excluding those ﬁrst two cur-
vature points that cause this non-linearity effect from the analysis,
the sensor can be fully characterised as a linear one. Fig. 7 depicts
the linear relationship between the applied curvature and the
wavelength shift of the sensing device from 0.18 m1 to 0.4 m1.
The sensitivities of λ1 and λ2 to curvature changes are 11.8264
dBm/m1 and 12.4885 dBm/m1, respectively. The obtained
standard deviation of λ1 and λ2 are 0.12 and 0.18, respectively. It is
obvious from Fig. 7 that the second wavelength (λ2) is more
sensitive to curvature change but has a lower linear ﬁtting of
0.98592 than that of λ1 (0.99264). The curvature sensitivities ob-
tained here are higher than those obtained in [20,21]. But it is
much lower than the single-mode–multimode–single-mode (SMS)
ﬁber structure reported in [22].
3.2. Measurement of temperature
For measuring the sensitivity of the device to changes in en-
vironmental temperature, a heat chamber was created using a
digital hot-plate and a 1/2in x 1in aluminium tube. The aluminium
tube was placed on the hot plate and with the concept of heat
transfer, heat was conducted by the aluminium to all its sides
which in turn alters the temperature of its hollow section as
shown in the experimental setup in Fig. 9.
After verifying that the temperature of the hollow section of
the aluminium is not affected by the surrounding temperature, the
device was inserted in it to study the effect of temperature change
on its spectral response. The temperature of the hotplate was then
varied from 30 °C to 50 °C with a step of 10 °C. Since the re-
lationship between temperature change and wavelength shift in
MZI tapered ﬁber is very linear as reported in [3,12,23], varying
the temperature from 30 °C to 50 °C is enough to fully characterise
our sensing device. Fig. 8 shows the effect of the temperature on
the device's spectrum and the increase in the environmental
temperature leads to a blue shift in the spectrum.
Fig. 10 depicts the sensitivities of λ1 and λ2 to change inange in applied curvature.
Fig. 7. Power shift at wavelengths 1 and 2 due to changes in curvature.
Fig. 9. Schematic illustration of experimental setup for temperature measurement.
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Fig. 10. Power shift at wavelengths 1 and 2 due to changes in temperature.
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λ2 to change in temperature are 0.0829 dBm/°C and 0.0833 dBm/
°C, respectively. And standard deviation of 0.18 and 0.27, were
obtained for λ1 and λ2, respectively. With a linear ﬁtting of
0.98396, λ2 responded slightly more to change in temperature
compared to λ1 which has a linear ﬁtting of 0.99311. Our proposed
sensor was found to achieve superior sensitivity to those reported
in [24–28].
3.3. Simultaneous measurement of curvature and temperature
Based on the ﬁndings in Section 3.2, the tapered ﬁber is sen-
sitive to change in environmental temperature. This can affect the
sensor's accuracy and repeatability when employed as curvature
sensors in environment with a varying environmental tempera-
ture. The dependence of the sensor's spectral response on tem-
perature change calls for a special technique to ensure the sensor's
accuracy and repeatability for ﬁeld applications. Simultaneous
sensing of both physical properties (curvature and temperature) is
a good approach to accomplish this. Since changes in both physical
properties leads to a change in the spectral response of the sensor,Fig. 8. Spectral shift due totwo wavelengths will be required to simultaneously determine the
value of each of the physical properties. Eq. (3) [4] shows the
matrix used to compute the sensitivity of the two physical prop-
erties.
⎡
⎣
⎢⎢
⎤
⎦
⎥⎥
⎡
⎣
⎢⎢
⎤
⎦
⎥⎥
⎡
⎣
⎢⎢
⎤
⎦
⎥⎥
⎡
⎣
⎢⎢
⎤
⎦
⎥⎥
Δ
Δ
= Δ
Δ
= Δ
Δ ( )
λ
λ
λ λ
λ λ
P
P
K K
K K
C
T
K C
T 3
C T
C T
C T
1
2
1, 1,
2, 2,
,
where Δ λP 1 and Δ λP 2 are the dBm changes in optical power at
wavelengths 1 (λ1) and 2 (λ2) respectively. λK C1, and λK T1, are the
sensitivities of wavelength 1 (λ1) to curvature and temperature,
respectively. λK C2, and λK T2, are the sensitivities of wavelength 2
(λ2) to curvature and temperature, respectively. ΔC and ΔT are the
changes in curvature and temperature, respectively.temperature change.
Fig. 11. Obtained results for calculated result of Eq. (5) compared with the applied
curvature and temperature.
Y.M. Raji et al. / Optics & Laser Technology 86 (2016) 8–1312Figs. 7 and 10 show the sensitivities of the two wavelengths to
curvature and temperature respectively. From Fig. 7, the sensitiv-
ities of λ1 and λ2 to curvature are 11.8264 dBm/m1 and
12.4885 dBm/m1 respectively. Fig. 10 are the sensitivities of λ1
and λ2 to temperature change, which are 0.0829 dBm/°C and
0.0833 dBm/°C, respectively. These sensitivities are used to cal-
culate the dual parameter matrix in Eq. (4) [29].
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Given the dBm shifts of the optical power at λ1 and λ2 from the
initial spectral response, the sensitivities of the curvature and
temperature at any point can be easily determined by solving Eq.
(4). Eq. (5) [9] shows the solved inverse matrix to obtain the ap-
plied curvature and temperature at any given spectral shift.
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To evaluate the sensor's performance, repeatability and its ac-
curacy to simultaneous changes in temperature and curvature, the
sensor head was exposed to a predetermined temperature and
curvature simultaneously and the spectral response at this point
was recorded. The sensor's accuracy was further evaluated by
ﬁxing one of the physical property while varying the other phy-
sical property. This was done to eliminate the effect of the error of
one of the physical property on the other one, which can lead to
the exaggeration of the error result of the prediction model. The
result shown in Fig. 11 by varying the curvature while ﬁxing the
temperature at 16 °C and ﬁxing the curvature at 0.18 m1 while
varying the temperature.
After extracting the optical power changes at λ1 and λ2, Eq. (5)
was used to compute the temperature and curvature changes. By
inputing the sensitivities of λ1 and λ2 to temperature and curva-
ture (KC T, ) change into Eq. (5), the results obtained for the tem-
perature and curvature from the prediction model, as depicted in
Fig. 11 was found to be in good agreement with the applied tem-
perature and curvature from the experiment. rms deviation of0.1801 m1 and 0.0826 °C were obtained for the curvature and
temperature measurements respectively.4. Conclusions
In this paper, we have proposed and experimentally demon-
strated an abrupt tapered ﬁber In-Line Mach-Zehnder Inter-
ferometer that is capable of simultaneously sensing temperature
and curvature. The sensor which was fabricated from a Corning
SMF-28 boasts a high sensitivity and accuracy. By observing the
optical power at two wavelengths of the spectrum, the sensor was
fully characterised to temperature and curvature changes. The
sensor exhibits a high curvature sensitivity of 11.8264 dBm/m1
and 12.4885 dBm/m1 for curvature ranging from 0.18 m1 to
0.4 m1, and a high temperature sensitivity of 0.0829 dBm/°C and
0.0833 dBm/°C, for both wavelengths. The maximum error ob-
tained from predicting curvature and temperature using the pro-
posed sensor was found to have a rms deviation of 0.1801 m1 and
0.0826 °C respectively. The proposed sensor has merits of si-
multaneous sensing of curvature and temperature, ease of fabri-
cation, compactness, low cost, high reproducibility, practical ﬁeld
application, and high accuracy.Funding
This work was supported by the TMR&D Research Fund under
Project RDTC/130822.References
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